A key feature of pulmonary hypertension (PH) is the remodeling of small pulmonary arteries due to abnormal pulmonary artery smooth muscle cell (PASMC) proliferation and resistance to apoptosis. However, the cellular mechanisms underlying how PASMCs in the pathological condition of pulmonary hypertension become resistant to apoptosis remain unknown. It was recently reported that lipocalin 2 (Lcn2) is up-regulated in a wide array of malignant conditions, which facilitates tumorigenesis partly by inhibiting cell apoptosis. In this study, we observed that the expression levels of Lcn2 were significantly elevated in a rat PH model induced with monocrotaline and in patients with congenital heart disease-associated PH (CHD-PH) when compared with respective control. Therefore, we hypothesize that Lcn2 could regulate human PASMC (HPASMC) apoptosis through a mechanism. By the detection of DNA fragmentation using the TUNEL assay, the detection of Annexin V/PI-positive cells using flow cytometry, and the detection of cleaved caspase-3 and caspase-3 activity, we observed that Lcn2 significantly inhibited HPASMC apoptosis induced by serum withdrawal and H 2 O 2 treatment. We also observed that Lcn2 down-regulated the proapoptotic protein Bax, decreased the levels of cellular ROS, and up-regulated the expression of superoxide dismutases (SOD1 and SOD2). In conclusion, Lcn2 significantly inhibits HPASMC apoptosis induced by oxidative stress via decreased intracellular ROS and elevated SODs. Up-regulation of Lcn2 in a rat PH model and CHD-PH patients may be involved in the pathological process of PH.
Introduction
Pulmonary hypertension (PH) is a severe disease with poor prognosis. It is characterized by persistent elevated pulmonary arterial pressure (PAP) and ultimately progresses to right ventricular failure and death. A key feature of vascular pathology in PH is the remodeling of small pulmonary arteries, which results in a persistent elevation of pulmonary arterial resistance [1] . Abnormal pulmonary artery smooth muscle cell (PASMC) proliferation and resistance to apoptosis have been proposed to be essential for vascular remodeling in PH [2, 3] . In animal experiments, the induction of apoptosis or coupling with the Ivyspring International Publisher inhibition of the proliferation of PASMCs prevents the progression of medial hypertrophy [4] [5] [6] . However, the cellular mechanisms underlying how normal PASMCs become resistant to apoptosis remain unknown.
Increased oxidative stress and elevated levels of reactive oxygen species (ROS) have been observed in animal models of PH and PH patients [7, 8] . ROS play essential roles in the regulation of several physiological and pathological processes, and excessive amounts of ROS are lethal [9] . However, ROS have been demonstrated as important proliferative rather than apoptotic mediators in pulmonary vascular cells [10, 11] . The mechanisms underlying how increased levels of ROS exert a proliferative effect rather than a proapoptotic effect in PH remain unclear.
Lipocalin 2 (Lcn2), also known as neutrophil gelatinase-associated lipocalin (NGAL), is a 25-KDa secretary glycoprotein that belongs to the lipocalin family. Lcn2 is an acute phase protein and proinflammatory marker [12] [13] [14] . Recent studies have shown that Lcn2 plays a role in cell survival in a wide array of benign and malignant conditions. It has been reported as a survival factor and can protect cells against apoptosis [15] [16] [17] [18] . Lcn2 is over-expressed in cancers of diverse histological origin and it facilitates tumorigenesis by promoting survival, growth, and metastasis [18, 19] . Paradoxically, Lcn2 induces apoptosis in other conditions. For example, Lcn2 can induce the apoptosis of H9c2 cardiomyocytes [20] and A549 human lung adenocarcinoma cells [21] . Thus, Lcn2 appears to be a double-edged sword in apoptosis and cell survival.
The up-regulation of Lcn2 in malignant conditions and its roles in cell survival motivated us to examine whether Lcn2 is over-expressed and its effect on HPASMC apoptosis, which is an important component of small pulmonary artery remodeling. Remarkably, prior to this paper, there has been no report on the role of Lcn2 in PH and in the survival of PASMCs. Because ectopically expressed Lcn2 has been reported to induce the expression of heme oxygenase-1,2 and SOD1,2 in CHO cells [17] , we hypothesized that the up-regulation of antioxidant enzymes is an important mechanism in Lcn2-inhibited HPASMC apoptosis. Thus, this study aimed to determine whether Lcn2 expression is altered in a rat PH model induced with monocrotaline and in patients with congenital heart disease associated PH (a large subtype of PH) and to analyze the role of Lcn2 on HPASMC apoptosis at the cellular and molecular levels, which may help us better understand the pathophysiological role of Lcn2 in PH.
Methods

Animal model of pulmonary hypertension
All protocols and surgical procedures were approved by the local animal care committee. Adult male Sprague-Dawley rats (6 to 7 weeks of age; weight 250 to 300 g) were administered a single subcutaneous injection of 60 mg/kg monocrotaline (MCT) or saline. The animals were killed 7, 14, 21, 28 and 35 days after the subcutaneous injection of MCT or saline, the body weight was recorded, and right-heart catheterization was performed to measure the pulmonary arterial pressure. The rats were exsanguinated immediately after hemodynamic assessment, and the lungs were removed for further analysis. A part of the lungs from all of the groups were fixed in situ in the distended state by infusion of 10% neutral buffered formalin into the pulmonary artery (at 25 mm Hg pressure) and trachea for 1 minute and then placed in 10% neutral buffered formalin at 4°C for 24 h prior to embedment in paraffin. The remaining lungs were immediately frozen in liquid nitrogen for protein and RNA isolation. To assess the extent of RVH, the heart was removed, and the RV-free wall was dissected from the left ventricle plus septum (LV+S) and weighed separately; the degree of right ventricular hypertrophy (RVHI) was determined from the ratio RV/(LV+S), as previously described [22] .
Patients and sampling
This study was approved by the ethics committee at Fuwai Hospital and conforms to the principles outlined in the Declaration of Helsinki. Informed consent was obtained from the parents of all of the patients. Patients with congenital heart disease-associated pulmonary hypertension (CHD-PH, measured through echocardiography) aged 6 to 24 months who underwent a surgical correction were included in the study. Patients with congenital heart diseases with unrestricted left-to-right shunt but no PH (CHD-nonPH) aged 6 to 24 months, who underwent surgical correction, were also included in the study as control subjects. Patients with any other diseases or clinical signs that were not associated with congenital heart diseases were excluded. Citrated plasma samples were obtained and stored in aliquots at -70 °C. The level of plasma Lcn2 was measured using the Human Lipocalin-2/NGAL Quantikine ELISA Kit (DLCN20, R&D, USA) according to the manufacturer's instructions.
Immunohistochemistry
Immunostaining for Lcn2 was performed in the lungs of rats after 3 weeks of exposure to mono-crotaline or saline. The lung samples were sectioned at 5-μm thickness. Rabbit polyclonal anti-Lcn2 (Santa Cruz Biotechnology, USA) was detected using the Strept ABC peroxidase technique (ZSGB-BIO, CHN) as previously described [23] .
Cell culture
Human pulmonary artery SMCs were purchased from ScienCell (USA) and used according to the manufacturer's instructions or maintained in DMEM supplemented with 10% fetal bovine serum (FBS), 1% penicillin / streptomycin at 5% CO 2 and 37°C as previously described [23] . The cells were starved for 24 hours in 0.1% FBS-containing medium prior to treatment with recombinant human Lcn2 (RayBiotech, USA) or H 2 O 2 (Beijing Chemical Works, CHN) at the indicated concentrations.
Measurements of Apoptosis
The apoptotic cells were quantified using the terminal deoxyribonucleotide transferase-mediated dUTP nick end-labeling (TUNEL) assay (In Situ Cell Death Detection Kit, KeyGEN BioTECH, CHN) according to the manufacturer's instructions. Fluorescent staining was visualized using a BX-61 microscope (Olympus). To further quantify the number of apoptotic cells, flow cytometry (ACCURY C6, BD, USA) using the FITC Annexin V Apoptosis Detection Kit (KeyGEN BioTECH, CHN) was performed according to the manufacturer's instructions, as previously described [23] . Caspase-3 activity was measured using a Caspase-3 Activity Assay Kit (Beyotime, CHN) according to the manufacturer's instructions.
Quantitative real-time RT-PCR
Frozen rat lung tissue was homogenized with the Trizol reagent (Invitrogen, USA), and the total RNA was extracted. Cells grown in 25-cm 2 flasks or 6-well plates were washed with PBS and lysed directly in the culture dish with the Trizol reagent. The total RNA was extracted and reverse-transcribed using Oligo (dT) and Transcriptor Reverse Transcriptase (Roche, GA) according to the manufacturer's instructions. The gene transcripts were quantified by real-time quantitative PCR (qPCR) using an Applied Biosystems 7300 Fast Real-Time PCR System (ABI, USA) with SYBR Green PCR Master Mix, as previously described [23] . The expression of gene transcripts in the test samples was normalized against the internal standard glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primers used are listed in Table 1 .
Western blotting analyses
Frozen lung tissue was homogenized in RIPA lysis buffer (Beyotime, CHN) and centrifuged for 10 minutes at 15,000 × g and 4°C. The cells were trypsinized, washed twice with PBS, lysed with RIPA lysis buffer on ice for at least 30 min, and centrifuged for 10 minutes at 15,000 × g and 4°C. The protein concentration was determined using the BCA Protein Assay Kit (Beyotime, CHN) with BSA as the standard. An equal amount of protein (50 μg for rat lung samples, 20 μg for cell samples) from each sample was diluted with 5× sample loading buffer and boiled for 5 minutes. The protein suspensions were separated on 12% SDS-PAGE gel and transferred onto a nitrocellulose membrane, and the proteins were detected using the following antibodies: rabbit anti-Lcn2, rabbit anti-cleaved caspase-3, rabbit anti-SOD1, rabbit anti-SOD2, rabbit anti-Bax (from Santa Cruz Biotechnology, USA), rabbit anti-Bcl-2 (from RayBiotech, GA), mouse anti-GAPDH, goat anti-rabbit IgG, and goat anti-mouse IgG (from ZSGB-BIO, CHN). 
Determination of reactive oxygen species [24]
The ROS levels were measured using the Reactive Oxygen Species Assay Kit (Beyotime, CHN) according to the manufacturer's instructions. A membrane-permeable fluorogenic probe, dichlorodihydrofluorescein diacetate (DCFDA), was used. The acetate and acetoxymethyl ester groups of this probe were enzymatically cleaved inside living cells. This probe can then be oxidized by intracellular oxidants (ROS) to obtain the product DCF, which emits a strong green fluorescence (λex=485 nm; λ em =520 nm). The fluorescence intensity is proportional to the level of cellular ROS. After the indicated treatment, cells grown in a 6-well plate were loaded in PBS containing 10 μM DCFDA fluorescent probe at 37°C for 20 min and then washed 3 times with PBS and trypsinized. The cells were obtained after centrifugation at 200 × g for 5 min at 4°C, resuspended and incubated in ice-cold PBS. The fluorescence of the cells was monitored using flow cytometry (ACCURY C6, BD, USA). ROS production was calculated as the fold increase in the fluorescence compared with that observed in the control.
Statistical analyses
Each independent experiment was repeated at least three times, and at least 3 independent experiments were performed. The data are shown as the means ± SE. Student's t-test was used for comparisons between two groups, and p<0.05 was considered significant.
Results
Increased expression of Lcn2 in rat PH model and in patients with CHD-PH
We used a monocrotaline-induced rat PH model to determine whether Lcn2 expression is altered in PH. Three weeks after the MCT injection, the hemodynamic assessment showed that MCT significantly enhanced the pulmonary arterial pressure (Supplementary Material: Fig. S1A ) and resulted in significant right ventricular hypertrophy (Supplementary Material: Fig. S1B ). The rat lung samples were collected to examine the expression level of Lcn2. Both western blotting analyses (Fig. 1A) and real time-PCR (Fig. 1B) revealed that the expression levels of Lcn2 were significantly increased after MCT injection. The protein levels increased significantly as early as 7 days after MCT injection (Fig. 1A) . Immunostaining for Lcn2 also showed its up-regulation in the lungs of rats 3 weeks after MCT injection (Fig. 1C) . Consistent with our cellular results obtained from HPASMCs (data not shown), the immunostaining analyses of Lcn2 in rat PASMCs showed undetectable expression.
We then examined the Lcn2 levels in PH patients. Twenty-two patients with congenital heart disease were included in the study and divided into 2 groups: 10 CHD-PH patients (age 13.0 ± 3.7 months, 60% males) and 12 CHD-nonPH patients (age 12.8 ± 4.4 months, 50% males). The plasma samples from patients with CHD-PH and CHD-nonPH were subjected to immunoblotting. As shown in Fig. 2 , the CHD-PH patients exhibited significantly higher plasma Lcn2 concentrations compared with the CHD-nonPH patients. Plasma samples from patients with CHD-PH (n = 10, age 13.0 ± 3.7 months, 60% males) and CHD-nonPH (n = 12, age 12.8 ± 4.4 months, 50% males) were collected. The level of Lcn2 was measured using the Human Lipocalin-2/NGAL Quantikine ELISA Kit. Heavy lines represent mean value of each group (*, p < 0.05).
Lcn2 inhibits HPASMC apoptosis
Under conditions of serum deprivation, a few cells will undergo apoptosis due to a lack of survival factors [25] . We used the TUNEL assay to detect DNA fragmentation and found that less apoptotic cells were observed after treatment of HPASMCs with 10 ng/ml recombinant human Lcn2 for 24 h compared with the serum-free medium alone (control). Furthermore, 100 μM H2O2 induced nearly half of the HPASMCs to undergo apoptosis. In the presence of 10 ng/ml Lcn2, the sensitivity of HPASMCs to H 2 O 2 was decreased (Fig. 3A) . The quantitative analysis of TUNELpositive cells demonstrated a significant decrease in apoptotic cells in the Lcn2-treated groups compared with the no-Lcn2-treated groups (Fig. 3B) . The role of Lcn2 in HPASMC apoptosis was analyzed further using Annexin V (AV) and propidium iodide (PI) double staining followed by flow cytometry (Fig. 3C) . A significant decrease in the population of AV + /PI + cells was observed in the Lcn2-treated groups (Fig.  3D) . Figure 3 . Determination of apoptotic cells using TUNEL assay and flow cytometry. HPASMCs were treated with serum free medium or 100 μM H2O2, in the presence or absence of 10 ng/ml Lcn2 for 24 h. A, Apoptotic cells were examined using TUNEL assay for DNA fragmentation. TUNEL-positive nuclei are shown in green, total nuclei stained with DAPI in blue. HPASMCs were photographed by fluorescence microscopy (magnification, ×400). B, Quantitative analysis (% of apoptotic cells versus total, at lease 50 cells per group per experiment) from five randomly selected fields in each individual experiment are shown in histogram (n = 3; *, p < 0.05). C, After double staining of HPASMCs, the AV + and PI + cells were analyzed by flow cytometry (total 20, 000 events per group). D, Quantitative determination of data from FACS analysis showing treatment of Lcn2 (10 ng/ml) for 24h produced a significant decrease in the number of cells undergoing apoptosis (AV + /PI + ) in both groups (n = 3; *, p < 0.05).
Next, we investigated whether caspase-3 cleavage was inhibited by Lcn2 in HPASMCs. The cells were cultured in serum-free conditions (control) or treated with 100 μM H 2 O 2 , in the presence or absence of 10 ng/ml recombinant human Lcn2 for 24 h. Lcn2-inhibited caspase-3 cleavage was confirmed in both conditions (with or without H 2 O 2 ) using western blotting analyses (Fig. 4A) . We observed that the levels of the cleaved form of caspase-3 (17 kDa) were significantly decreased in the Lcn2-treated groups (Fig. 4A) . Next, we directly measured the activity of caspase-3 using an assay based on the cleavage of a fluorogenic substrate and found that the activity of caspase-3 was significantly decreased in cells exposed to Lcn2 (Fig. 4B) .
Lcn2 decreases the expression of Bax in HPASMCs
Bax is an important proapoptotic factor involved in the intrinsic pathway of apoptosis. Bax increases mitochondrial membrane permeability by translocating and integrating into the membrane, thereby promoting mitochondria-dependent apoptosis. The effect of Lcn2 on the expression of this protein was examined. RT-PCR (Fig. 5A ) and western blotting analyses (Fig. 5B) revealed that the expression levels of Bax in HPASMCs were significantly decreased in the Lcn2-treated groups. We also examined mitochondria membrane-integrated Bax using an antibody against an epitope in the N-terminal domain of Bax, which is normally obscured and is only exposed when Bax changes its conformation as it integrates into the mitochondrial membrane [26] . A decrease in the endogenous active form of Bax in the Lcn2-treated group was observed compared with the H2O2-treated group (Supplementary Material: Fig. S2 ). Figure 4 . Detection of cleaved caspase-3 and its activity. HPASMCs were treated with serum free medium or 100 μM H2O2, in the presence or absence of 10 ng/ml Lcn2 for 24 h, total protein was extracted and subjected to Western blotting analyses. A, A representative blot and n = 3 independent experiments are quantitated (*, p < 0.05). B, Cell lysates were assayed for caspase-3 activity and normalized to total protein concentration, the value of absorbance at 405 nm is shown (n = 3; *, p < 0.05). 
Lcn2 decreases intracellular ROS and increases SOD1 and SOD2 expression
ROS are important effectors in oxidative stress-induced apoptosis, and excessive amounts of ROS are lethal [9] . Thus, we used the general ROS indicator DCFDA to determine the level of intracellular ROS. The cells were cultured in serum-free conditions (control) or treated with 100 μM H2O2, in the presence or absence of 10 ng/ml recombinant human Lcn2 for 12 h. Lcn2 significantly decreased the observed fluorescence in both conditions (with or without H 2 O 2 ) compared with the no-Lcn2-treated groups (Fig. 6 ). Superoxide dismutases (SOD1 and SOD2) are major antioxidant enzymes that act against ROS-mediated damage in cells [17] . The effects of Lcn2 on SOD1 and SOD2 expression were also examined using RT-PCR and western blotting analyses. Lcn2 significantly up-regulated the expression of SOD1 and SOD2 in both conditions (with or without H2O2) compared with the no-Lcn2-treated groups (Fig. 7A) . The promoting effects of Lcn2 on SOD1 and SOD2 expression were dose-dependent (Fig. 7B) . 
Discussion
Lcn2 was initially shown to combat bacterial infection via the impedance of bacterial iron sequestration [14] . Its small size and secreted nature motivated its investigation as a diagnostic and prognostic biomarker in numerous diseases, including inflammation and cancer [27] . Recent studies have shown that Lcn2 is over-expressed in cancers of diverse histological origin and it facilitates tumorigenesis by promoting survival, growth, and metastasis [18, 19] , indicating a pivotal role of this molecule in several physiological and pathological conditions. Conflicting results have been reported regarding the role of Lcn2 in cell apoptosis. On the one hand, Lcn2 can protect a cell from apoptosis induced by cellular stress, such as H2O2 [15] [16] [17] [18] . On the other hand, Lcn2 can induce cell apoptosis under specific conditions [20, 21] . This motivated us to examine the effect of Lcn2 on HPASMC apoptosis, an important component of small pulmonary arteries remodeling, which results in PH. In this study, we examined the up-regulated expression of Lcn2 in the lungs of rats treated with MCT (Fig. 1) . The plasma levels of Lcn2 in CHD-PH patients were also significantly elevated compared with the CHD-nonPH subjects (Fig. 2) . These results enhanced the probability that Lcn2 may play a role in PH.
Using TUNEL staining and flow cytometry analysis, we demonstrated that recombinant Lcn2 can protect HPASMCs from apoptosis induced by serum withdrawal and H2O2 (Fig. 3) . This novel observation was confirmed using measurements of cleaved caspase-3 and its activity (Fig. 4) . Although Lcn2 can protect cells against apoptosis, little is known regarding its intracellular mechanisms, particularly in HPASMCs. Thus, we investigated the expression and translocation of Bax, which is involved in the promotion of mitochondria-dependent apoptosis [26] . The expression of Bax was inhibited by Lcn2 at both the protein and mRNA levels (Fig. 5) . In particular, Lcn2 inhibited Bax translocation and integration into the mitochondrial membrane, an important step in the activation of mitochondria-dependent apoptosis, as assessed using an antibody against the conformationally changed form of Bax (Supplementary Material: Fig. S2) .
ROS are important effectors in oxidative stress-induced apoptosis, and oxidative damage to macromolecules is mediated by intracellular ROS. Our results confirmed decreased levels of intracellular ROS in the Lcn2-treated groups (Fig. 6) . Antioxidant enzymes play a critical role in the regulation of intracellular oxidative stress [17] . Superoxide dismutases (SODs) are important antioxidant enzymes, and an increased amount of SODs reduces the intracellular ROS levels. In this study, we found that Lcn2 up-regulates the expression of SOD1 and SOD2 at both the transcriptional and translational levels (Fig.  7) . These findings were consistent with the report of Parisa et al. [17] , who found that ectopically expressed Lcn2 is a protective factor against oxidative stress via the induction of heme oxygenase-1,2 and SOD1,2 expression in CHO cells. However, the induction of Lcn2 on the expression of heme oxygenase was undetectable in this study (data not shown). Roudkenar et al. [15] reported that Lcn2 exerts its cytoprotective effect independent of HO-1. These reports and our results suggest that SOD1,2 play important roles, at least partially, in Lcn2-inhibited HPASMC apoptosis.
ROS play an essential role in the regulation of several physiological and pathological processes. Moderate increases in ROS can promote cell proliferation [28] , whereas extremely excessive amounts of ROS are lethal [9] . Patients with PH are characterized by increased oxidative stress [7] . Elevated levels of ROS are also observed in animal models of PH [8] . ROS have been demonstrated as important proliferative mediators in pulmonary vascular cells. However, whether elevated Lcn2 levels in PH protect pulmonary vascular cells from apoptosis caused by potentially excessive amounts of ROS and maintains the proliferative effect of ROS by up-regulating SODs deserves further study. Indeed, inducing the apoptosis of hypertrophied PASMCs in animal studies prevents the progression of PH [18] .
Lcn2 has been investigated as a diagnostic and prognostic biomarker in numerous diseases [27] . It is expressed at very low concentrations in healthy children and is markedly elevated in the case of epithelial damage [29, 30] . Fadel et al. [31] reported that plasma Lcn2 can be used as an early biomarker for the diagnosis of acute kidney injury following cardio-pulmonary bypass in pediatric cardiac surgery. In this study, the plasma Lcn2 levels in CHD-PH children were significantly elevated compared with those found in CHD-nonPH subjects (Fig. 1) . Recent studies have reported that pulmonary vascular remodeling caused by an abnormal hemodynamic state plays an important role in the development of congenital heart disease-associated PH [32, 33] . Left-to-right shunt is an important characteristic of congenital heart disease-associated PH. Under higher oxygen saturation and the shear stress of increased blood flow, pulmonary vascular endothelial cells may be damaged and induced to release inflammatory cytokines, which results in inflammatory cell infiltration [34] . This may be the reason why the plasma Lcn2 level was elevated in CHD-PH, which suggests a more serious hemodynamic state than CHD-nonPH. From this perspective, it is possible that the plasma Lcn2 level may be a new biomarker of PH, at least for CHD-PH. Further experiments are required to understand the in vivo roles of Lcn2 in PH.
